This paper describes an effort to discover the highest practical flight velocity possible using air-breathing propulsion powered vehicles. The methodology includes modeling of all the key performance characteristics of a hypersonic vehicle along with a genetic algorithm based optimization study. A flexible and robust geometric modeling scheme based primarily on the use of Bernstein polynomials is used to defining the vehicle outer mold line. A supersonic paneling scheme is used along with a viscous skin friction model to predict aerodynamic performance and a generalized one-dimensional approach is applied to the combustor section. Also included is a simplified structural model. The results are a step forward for practical hypersonic vehicle design.
I. Introduction
The concept of launch vehicles or high speed cruise vehicles using air-breathing engines to carry significant payloads and at a fraction of the rocket fuel burn continues to be alluring. With the realization of the basics of Scramjet technology via unmanned technology demonstrator vehicles over the last two decades and the advancement of technology in the fields of metallurgy and high enthalpy flow engines, the idea of re-usable hypersonic air-breathing vehicles has begun to reach critical mass [1] [2] [3] . Whether these advances in technology will lead to the realization of scramjet powered hypersonic vehicles reaching ultra high velocities remains to be seen.
It has been suggested that even under the most optimistic and nonrestrictive flight conditions, and assuming present state of the art technologies, it is still doubtful whether it would be possible to fly to orbital velocities or around eight kilometers a second. Whitehead 4 has suggested that unless ground breaking technologies emerge that will allow the design of hypersonic vehicles with so little hypersonic drag at very high altitudes so that the engine intake area can be an order of magnitude or more than the drag area, near orbital speeds using air breathing propulsion are unlikely. As a result, the obvious question arises: just how fast can we really go?
A generalized shock theory model has been created that utilizes the three-dimensional grid developed for the design to capture the aerodynamics of the design. A one dimensional model of the combustion physics has been used to model the thrust generation process that also utilizes the aerodynamics from the shock theory code to analyze the effect of the fuselage on the intake and exhaust characteristics of the engine air flow. The vehicle inert weight and mission weights have been carefully modeled using structural analysis techniques such as Buckling and Beam theory to allow a realistic value for the required lift 4 . The airframe design has been created to allow transition from all-body designs to wing-body designs under the direction of the Genetic Algorithm.
II. Airframe Choice, Motivations and Design Grids
There are several types of airframes available for use in hypersonic flight applications. During the early stages of hypersonic flight conceptualization, the natural progression of the classic "wing-body" type of airframe, successfully used for subsonic and even supersonic flight, was proposed for hypersonic flight 5 . A typical wing-body type design is presented in Figure- 1.1 6 . This type of design has some inherent advantages in that it consists of airframe components that are designed for their specific requirements 5 . The wing was considered to be the primary component that would provide lift to carry the weight of the remaining airframe. Likewise, the airframe would be optimized from a structural standpoint and therefore be more effective in holding the large Liquid-Hydrogen (LH 2 ) tanks and perhaps a payload 5 .
Nevertheless, while the wing-body concept offers a simple solution to the airframe requirement with an efficient lifting surface and cross section body designed for structural elegance, it did have the disadvantage of having a high structural weight fraction 5 . This necessitates larger lifting surfaces and therefore larger drag and a higher requirement of thrust and fuel. To counter this disadvantage of the wing-body designs, the "all-body" design is suggested. Although not as efficient as a pure lifting surface attached to a structurally optimized airframe from the structural strength viewpoint, the all-body design nevertheless provides superior structural weight fractions. Some conceptual studies have shown a difference in structural weight fraction by as much as 17 percent 5 . One of the reasons for such a difference in values of the weight fraction is the elimination of the wing and an integrated lifting surface and fuselage that removes the need for larger overall dimensions.
More importantly, the lifting body provides a much better integration with the propulsion system on the airframe in addition to providing an engine pre-compression shock (also known as a fore-body shock) that reduces the size and weight of the air-breathing engine as compared to wing-body designs 6 . Among the disadvantages of this design is the greater body surface area that causes skin friction drag and the presence of eccentric and noncircular structural fuselage sections 5 . Figure-1 .2 6 shows a classic all-body design for hypersonic applications.
For maximum flexibility, a robust design model capable of evolving from one type of configuration to another based on the design point optimization is created and employed in this investigation. Additionally, the engine inlet capture area is crucial to the analysis 4 and the Genetic Algorithm must be provided with the freedom to evaluate and optimize the capture area scramjet engine layout on the fuselage. To achieve this, a parameter driven design code was written in FORTRAN which was capable of performing all of the above tasks. The design process moves in sections from the bow to the aft of the fuselage and from the wing-fuselage interface to the tip of the lifting surfaces. Figure 1 .3 shows a sample design arrived at by using this code. Typical design features of this airframe design include a ventral semi-conical fore-body that allows for air pre-compression using a three-dimensional conical shock. The choice of using this type of pre-compression ventral fore-body design as opposed to a planar shock pre-compression design is because of the need for versatility with regard to the engine layout and capture area requirement that was mentioned previously. The semi-conical design allows for the placement of the scramjets along an arc as shown in Figure 1 .4. This gives the code an option of varying the number of engines used for the same fore-body design and thus evolves the engine intake capture area as is needed for higher speed flights. Another feature of the design is the frustum cone on the aft ventral section of the fuselage behind the array of scramjets that allows for a greater expansion of the exhaust products than possible simply with the internal expansion surfaces of the scramjet array. Figure-1 .6 shows this aft expansion surface more clearly. In this way, both the fore and aft sections of the ventral fuselage around the scramjet array assist the engines by providing the compression and expansion surfaces common to other hypersonic vehicle concepts.
The code contains a robust model for the wing shape and design on the airframe. Each wing is capable of having up to ten separate sections and each section has the independence of design in terms of shape, angles and location. Further, if needed, the Genetic Algorithm can deploy further sets of fins or canards along the fuselage and can even deploy angled sets of vertical stabilizer surfaces with the same level of independence. Each wing surface is modeled as a diamond shaped airfoil with thickness and geometrical parameters available for optimization to the Genetic Algorithm. Figure-1 .7(a) and 1.7(b) show this lifting surface design versatility in greater detail.
The gridding code is also designed with an inbuilt grid refinement module that creates a grid that has non-skewed cells throughout the surface. With the design versatility allowing the code to move between wing-body and full-body designs with up to two-dozen independent variables, the design code can capture a very wide range of concepts for the Genetic Algorithm to process. The dorsal fuselage of the airframe is designed to collaborate automatically with the ventral conical design in order to fit the required tankage and payload bays inside the fuselage. This section of the airframe is also free for variation within its parameter space so that proper lifting effects from the panels can be used to provide additional lift. There are two primary fuel tanks inside the fuselage that are shaped in the form of cylinders and arranged in a nonintegrated tankage 6 (fuel tank is separate from the body) fashion. The structures that support the fuel tanks in place and the tanks themselves are assumed to have been insulated from the outside temperatures of the airframe by an insulation and active cooling system. The fuel tankage is therefore of the cool cylindrical type 6 . The payload and electronics bay of the fuselage is enclosed inside the inner surface of the ventral pre-compression cone. In addition, the shape of the bay is conformal 6 to ensure that maximum usage of all available space is achieved.
III. Airframe Aerodynamics: Three Dimensional Generalized Shock Theory
The aerodynamics of the hypersonic airframe is handled by passing the gridded airframe as discussed previously through a generalized shock theory code that calculates both the compression and the expansion aspects of the flow. Each panel of the grid interacts with the panels around it in order to calculate whether there is going to be shock based expansions or compressions on that specific panel. The design moves from the leading edge exposed to the flow to the trailing edge in such a fashion that each consecutive panel not only takes into account the modified characteristics of the flow caused as a result of the panel in front of it but also calculates the changes in the viscous boundary layers so that the consecutive geometry of the design takes into account the viscous interactions of the flows.
For panels undergoing compression effects, the two dimensional oblique shock theory is applied and used to evaluate the effects on the flow field. For hypersonic flows and the corresponding airframe concepts, it is believed that such an assumption is reasonably accurate. The basic shock angle equation takes into account the local Mach number above the panel along with the panel orientation with respect to the panels before it to evaluate the deflection angle. The local panel shock angle is then evaluated using the classic ߠ − ߚ − ‫ܯ‬ relationship for oblique shocks:
The local panel flow parameters are then evaluated using the following equations:
Similarly, the expansion effects on those panels experiencing this phenomenon are evaluated using the classical Prandtl-Meyer expansion theory for flow around a deflection angle. This theory assumes the formation of an infinite number of Mach waves originating at the corner that spread downstream. The Mach number at the exit of this expansion system is calculated using the following relation:
The isentropic flow relations are then used to evaluate the remaining flow parameters on the panel experiencing an expansion system. The equations (1) through equation (5) provide all the data needed to evaluate the other flow parameters above the panels such as velocity and stagnation conditions of the flow. The Coefficient of pressure is also evaluated using the flight conditions as a reference in the Rayleigh Pitot Tube formula 11 as follows:
To simulate the flow physics accurately, the specific heat and the specific heat ratio are evaluated as functions of temperature alongside the viscosity and conductivity equations for atmospheric air. The equations used 14 are as follows:
Where By evaluating the panel orientations in three dimensional space using the vehicle body-axis system as the reference coordinate system, the pressure forces acting on any given panel can be resolved into the vehicle body axes. When the angle of attack is zero, these provide the required pressure induced lift and drag from the vehicle after the evaluation of the pressure distribution on the vehicle using equations (1) to (6) and summing up the contributions of each individual panel on the airframe along the three primary vehicle axes. Once the body forces have been evaluated, the corresponding Pitch, Roll and Yaw moments are also evaluated for the entire vehicle about the origin of the body-frame system. Figure- The above discussed generalized shock theory approach does not account for the skin friction drag. Data presented by Koppenwallner 12 has shown that there is a large increase in the drag coefficient beyond that predicted by Newtonian approaches alone when the Knudsen number is greater than 0.01 for right circular cylinders. Based on the data presented by Koppenwallner 12 the skin friction drag coefficient was evaluated using the following equation:
Where the Reynold's Number used is that evaluated locally over the panel using the distance from the exposed edge of the surface for the reference length and the local velocity and density of flow above the panel. When this friction coefficient is summed over the entire airframe, the net value of the skin friction drag coefficient is obtained along with the net skin friction drag data for the vehicle. Figure-2.3(a) and -2.3(b) and Figure-2 .4 present some of the results for the skin-friction coefficient distribution on the sample hypersonic airframe evaluated previously. The leading edge values for the skin friction are seen to noticeably higher than the rest of the fuselage and this has a profound effect on the aerodynamic heating characteristics of the vehicle (which will be characterized by the Stanton number distribution later in this paper) which in turn affect the structural design of the vehicle considerably. This model for the skin friction drag is seen to be very accurate in its results as will be discussed in later sections. At angles of attack, panels that are exposed to the flow need to be evaluated along with the exposure angles to fully apply the panel theory on the airframe. As mentioned previously, the airframe is fully gridded up for this purpose by the design code and is transferred to the aerodynamics code. For different angles of attack, different panels will be exposed on the airframe and those too at different exposure angles. This process has been completely automated in the code designed for this effort. 
IV. Aerodynamic Heating Effects and Mass Properties
The evaluation of the distribution of the masses is necessary to provide an accurate, airframe sizedependent value of the weight that is balanced by the lift from the combined lifting surfaces of a typical airframe during the optimization. The three dimensional grid developed for this analysis is used for the evaluation of the skin mass as it provides the essential interface between the external loads acting on the vehicle as evaluated from the aerodynamics module with the structural analysis module. Each panel is evaluated for its contribution to the overall skin mass of the vehicle by multiplying the panel area with the thickness of the panel and the material density.
The evaluation of the thickness of each panel is a result of both the loads acting on that panel as also the thermal considerations for that panel. Panels located near the leading edges of wings are more exposed to high temperatures than the panels near the top surface trailing edge of the wings, for example. The panels exposed to high temperatures will require either additional thickness of the material, additional ablative coating on top of the existing thickness or an active cooling system underneath it. It becomes clear that the aerodynamic heating effects on the external surface of the vehicle need to be modeled alongside the structural analysis in order to get a realistic distribution of the center of gravity of the vehicle as well as the value of the overall mass of the vehicle.
The model used for the evaluation of the aerodynamic heating on the hypersonic airframe for this effort is based on the numerical integration modification of the Eckert Reference Enthalpy method of heat transfer for compressible flows. It uses the concept of a reference temperature for a constant property boundary layer that can replace the variable property boundary layer effects. This concept is applied for each panel by calculating the reference temperature over each panel using the following equation:
Once the reference temperature has been evaluated for a given panel, the Prandtl number, Reynolds number and Stanton Number are evaluated using the reference values of the flow properties. Note that the reference values of the flow properties are themselves evaluated using the reference temperature available from Equation-(3.1). The resulting equations are then given as:
The Stanton number is then used to evaluate the heat transfer rate over every panel using the following definition of this dimensionless parameter:
Equation (3.5) is used to evaluate the heat transfer to the panel as a result of the aerodynamic heating effects. The overall heat distribution parameter for the sample hypersonic airframe is given in Figure- 3.1. Notice the enhanced heating near the leading edges of the airframe. The heat transfer rate distribution is then used to evaluate the required thickness of the material in the presence of thermal stresses and external loads. This thickness evaluated from the above analysis for the vehicle skin is then used to find the masses of the panels at each section which is then summed up over the entire airframe to provide the skin mass of the vehicle. In addition to the skin masses, the payload and fuel carriage is also modeled. The fuel carried is modeled as having been placed in two primary tanks whose dimensions are automatically evaluated by the design code based on the external chosen design. These tanks are then modeled for their contribution to the vehicle mass properties using the thin wall pressure vessel theory. This analysis provides the tank thickness values which is then multiplied by the material density and the exposed surface of the tanks to obtain the mass of the tanks. The internal volume of the tanks is then used to evaluate the fuel masses and the corresponding center of gravity of both the tanks and the fuel. The payload is taken as a fixed mass that is added to the overall mass of the vehicle and whose volume is also added to the existing volumetric requirements inside the airframe. These are discussed in detail in the results and discussion section of this paper.
In addition to the calculation of the heat transfer rate distributions, the required coolant flow rate is also evaluated as it decides the maximum allowable temperature on the surface of the vehicle. In this effort, liquid hydrogen is used as the primary fuel inside the airframe. The propulsion module evaluates the required fuel flow rate for the scramjet combustor array. Since this flow rate also acts as the coolant for the exposed skin of the airframe, a numerical integration of the exposed surface areas and the aerodynamic heating acting above those areas is conducted using the design grid panels. A net heat transfer rate is thus achieved when Equation (3.5) is provided with the maximum allowable temperature on the surface of the airframe defined from a materials standpoint. This heat transfer rate is then compared with the ability of the coolant flow to absorb this heat transfer. For this effort it was assumed that the dissociation of the hydrogen fuel moving towards the combustor section is undesirable and therefore the maximum temperature of the coolant was 1500K. Assuming cold storage values of the fuel within the tanks (whose additional masses were added to the mass properties tabulation), the maximum allowable adiabatic temperature of the external flow was evaluated using an enthalpy recovery factor of unity at the wall surface. Since the value of the heat transfer rate per unit time is a function of the design of the airframe, and the fuel flow rate is also variable based on the design, the balance of heat transfer versus heat removal was set up as an additional goal within the optimization run. Any design that could not meet the minimum required conditions of heat removal could therefore not be classified as a design that would be able to operate at those speeds unless additional coolant material was used instead. For this analysis, the primary fuel acts as the only coolant within the vehicle in order to maximize on the payload carrying capacity.
V. Propulsion
The propulsion model for this effort is currently based on the modified one-dimensional flow path system with added combustion physics modeling. The effects of propulsion can be considered to begin from the moment the flow goes through the pre-compression shocks and till the time they are behind the airframe expansion surfaces. The flow parameters directly behind the pre-compression shock emanating from the fore-body semi-cone are evaluated using the three-dimensional shock solution for the fuselage based intake and the aft-body exhaust expansion section as discussed previously. Figure-4 .1 shows the Mach number distribution over the external compression cone of the sample hypersonic airframe.
Figure 4.1: Mach number distribution over a Sample Hypersonic airframe
The capture area of the engine is a function of the arc of the scramjet array. This is represented in Figures-4. 2(a) and 4.2(b). As mentioned previously, the design in use amplifies the engine capture area by using the vehicle shocks ahead of the intake to turn into the scramjet duct array. Therefore, even though the relative inlet area of the actual scramjet combustor is much smaller, the capture area is significantly greater. As a result, the mass flow rate for the engine can be represented as: Once the flow has cleared the pre-compression shock, it heads for the engine inlet where it undergoes a series of shocks that reduce the Mach number down such that supersonic combustion can take place in the combustor section further downstream. The length of the combustor is not fixed but is decided based on the number of shocks needed to slow the flow down to the required Mach number. In addition, the length required to actually burn the fuel is added to this length to give the effective combustion chamber length. The burn length model is adapted for use from the work presented by Mattingly 14 for use in each of the scramjet array sectors on the aircraft. This representation of the combustor length as a result of the precombustor flow parameters and the combustion temperature is given as:
Where ܶ ହ is in 'R' and is calculated from the modeling of the combustion process assuming given air and fuel flow as discussed previously. The pressure term is measured in 'psia'. The final temperature is limited by the materials used and therefore serves as a limiting factor that was discussed previously.
The flow exiting the combustor is then allowed to flow over the aft section of the airframe that is designed solely with the idea of expanding this flow without needing a ducted nozzle. Figure 4 .3 shows the expansion process over a relatively large arc hypersonic airframe. The net thrust for the vehicle is the summation of the thrust resulting from the pressure forces acting on the aft side of the fuselage and the thrust developed simply by the scramjet array. It has been noticed that the former is tha major component in the thrust when the airframe is being designed for very high mach numbers. This section of the fuselage also contributes to the lift for the vehicle as was discussed in previous sections. 
VI. Control and Trim
The analysis is conducted for the cruise phase of the flight and is trimmed for this flight condition based on the center of gravity calculation from the mass properties model discussed previously as well as the evaluation of the effective center of pressure for the various lifting surfaces from the aerodynamics model. The pitching, rolling and yawing moments are evaluated from the aerodynamics module using a numerical integration scheme of the moments in the three primary vehicle axes for all the panels over the external surface of the airframe about the reference origin of the coordinate system. This allows the Genetic Algorithm to trim the airframe using the best possible combination of lifting surfaces and incidence angles. This allows the Genetic Algorithm to trim the airframe using the best possible combination of lifting surface shapes, locations and angles.
VII. Optimization Goals and the Design Space
The Genetic Algorithm used in this effort is a FORTRAN based, binary encoded GA 16 . The attachment of the Genetic Algorithm as discussed previously with the comprehensive design, aerodynamics and propulsion models completes the construction of the automated network that can now be used for design optimization. Figure-6 .1 shows the basic structure of the analysis for this effort.
The primary goal of the optimization runs include matching the net lift of the vehicle as obtained from the aerodynamics module with the weight of the airframe as obtained from the mass properties subroutine. Another primary goal is to match the drag obtained from the vehicle with the thust produced by the scramjet array. Secondary goals include minimizing the pitching moment, rolling moments and yawing moments of the aircraft along with reducing the root bending stresses of the wing attachments. The coolant heat transfer is also matched with the external heating to provide a multidisciplinary attachment between the propulsion, aerodynamics and the heat transfer aspects of the design.
The vehicle parameters that are available for change include all of the dimensions of the aircraft, the angles and weights. In addition, Bernstein Polynomials have been applied along the stream-wise and chord-wise directions of the wings and along the longitudinal axis of the upper fuselage. The lower fuselage has additional polynomials to model the external compressive inlet and the aft expansion surfaces. Each of the five coefficients of these polynomials is available for independent variation by the GA. Each of the above design variables, if independent, is assigned a variation space within which the Genetic Algorithm is able to vary its values at a particular specified resolution. Overall, the above setup led to the presence of twenty-five variables in the design optimization process. 
VIII. Results and Discussion
This effort is focused on obtaining preliminary designs for hypersonic airframes in their cruise conditions. As a result, the stability, propulsion and dynamics of the flight are catered towards optimizing the cruise performance rather than the overall flight performance. The focus is also towards the evaluation of trends in the designs rather than the values themselves. Several optimization runs have been conducted, with each run designed for a fixed altitude and Mach number. In this case, the altitude was fixed to be 120,000 feet and the Mach numbers were varied from Mach 6 onwards until no additional potential for thrust generation remained in the available design space. Figure-7 .1to Figure-7.4 show the results obtained from the fixed altitude but with varying Mach numbers. The increasing arc of the scramjet array is easily visible in all of the designs for increasing Mach numbers. The maximum Mach number at which the thrust was obtained even with active hydrogen cooling was found to be around Mach 12, at which point the external heating of the fuselage could no longer be sustained by the materials and the coolant flow rates. 
Conclusions
This paper presented a practical way of using Genetic Algorithms for optimization of hypersonic air-breathing aircraft design. A generalized three dimensional grid generation code was created and integrated with the Genetic Algorithm to allow a wide range of designs to be evaluated ranging from wingbody configurations to all-body configurations.
The development of the aerodynamic module including the creation of a generalized shock theory code was developed for use on the exterior surfaces of the vehicle. This code allowed the evaluation of the pressure forces acting on the vehicle and their contribution to the lift, drag and side forces on the vehicle. In addition, advanced paneling schemes involving interacting panels was created and applied for the evaluation of the skin-friction coefficients and the aerodynamic heating effects on the airframe.
The paper also presented methods in which the structural design of the vehicle was integrated with the design grid and the aerodynamics subroutine to allow for detailed evaluations of the skin thickness distributions over the external surfaces of the airframe. This allows for increased accuracy in the prediction of the mass properties of the vehicle.
The propulsion module was also integrated with the design process and interfaced with the design grid to include airframe-engine interactions with regard to fuselage based compression effects and aft expansion processes and also their integration with the aerodynamic load analysis.
The results showed the nature of the design process as affected by increasing Mach numbers. The results also showed the increasing nature of the difficulty in increasing the hypersonic flight regime beyond Mach 12 for air-breathing applications with the current state of the art in drag reduction technology and materials engineering. It becomes easily visible that for increasing the design viability into higher Mach numbers, newer design technologies and approaches will have to be initiated.
